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Abstract: Calcium phosphate cement (CPC) self-hardens to
form hydroxyapatite, has excellent osteoconductivity and
bone-replacement ability, and is promising for craniofacial and
orthopedic repair. However, its low strength limits CPC to
only nonstress repairs. This study aimed to reinforce CPC with
meshes to increase strength, and to form macropores in CPC
for bone ingrowth after mesh dissolution. A related aim was to
evaluate the biocompatibility of the new CPC—mesh compos-
ite. Absorbable polyglactin meshes, a copolymer of poly(gly-
colic) and poly(lactic) acids, were incorporated into CPC to
provide strength and then form interconnected cylindrical
macropores suitable for vascular ingrowth. The composite flex-
ural strength, work-of-fracture, and elastic modulus were mea-
sured as a function of the number of mesh sheets in CPC
ranging from 1 (a mesh on the tensile side of the specimen) up
to 13 (mesh sheets throughout the entire specimen), and as a
function of immersion time in a physiological solution from 1
to 84 days. Cell culture was performed with osteoblast-like
cells and the cell viability was quantified using an enzymatic
assay. The strengths (mean = SD; n = 6) of CPC containing 13
or 6 meshes were 24.5 = 7.8 and 19.7 = 4.3 MPa, respectively,

not significantly different from each other; both were signifi-
cantly higher than 8.8 * 19 MPa of CPC without mesh
(Tukey’s at 0.95). The work-of-fracture of CPC with 13 or 6
meshes was 3.35 = 0.80 and 2.95 * 0.58 k]/m?, respectively,
two orders of magnitude higher than 0.021 = 0.006 kJ/m? of
CPC without mesh. Interconnected macropores were formed
in CPC at 84 days’ immersion. The new CPC—mesh formula-
tion supported the adhesion, spreading, proliferation, and vi-
ability of osteoblast-like cells in vitro. In conclusion, absorbable
meshes in CPC increased the implant strength by three-fold
and work-of-fracture by 150 times; interconnected macropores
suitable for bone ingrowth were created in CPC after mesh
dissolution. The higher strength may help extend the use of
CPC to larger stress-bearing repairs, and the macropores may
facilitate tissue ingrowth and integration of CPC with adjacent
bone. © 2004 Wiley Periodicals, Inc. ] Biomed Mater Res 69A:
267-278, 2004
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INTRODUCTION

There is an increasing need for dental, craniofacial,
and orthopedic biomaterials as the world population
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ages.'” Hydroxyapatite has been useful because of its
chemical and crystallographic similarity to the carbon-
ated apatite in human teeth and bones.'? Several cal-
cium phosphate cements (CPCs) self-harden to form
hydroxyapatite and possess excellent osteoconductiv-
ity and biocompatibility.> ® One CPC? is composed of
a mixture of fine particles of tetracalcium phosphate
[TTCP: Cay(PO,),0] and dicalcium phosphate anhy-
drous (DCPA: CaHPO,).”* The CPC powder can be
mixed with water to form a thick paste that can be
sculpted during surgery to conform to the defects in
hard tissues; the paste then sets in situ to form hy-
droxyapatite.”'? CPC is highly promising for use in a
wide range of applications,>”® including repair of
periodontal bone defects and tooth defects, recon-
struction of frontal sinus and augmentation of cranio-
facial skeletal defects,”'° and use in endodontics.!!"1?
However, the relatively low strength and susceptibil-
ity to brittle fracture of CPC have limited its use to
only non-load-bearing applications.>*° For orthope-
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dic repair, the use of CPC was limited to the recon-
struction of non-stress-bearing bone.' In periodontal
repair, tooth mobility resulted in the early fracture and
eventual exfoliation of the brittle CPC implants."?

Fibers have been incorporated into poly(methyl
methacrylate) bone cements and other biomaterials to
enhance the fracture resistance.'*™'® In a recent study, an
absorbable mesh was placed on the tensile side of a CPC
specimen, resulting in significantly increased work-to-
fracture'”; however, the strength and elastic modulus
were not reported, and the thin mesh was limited to one
surface of the specimen with no meshes throughout the
thickness of the specimen.'” In addition, no macropores
were produced in CPC for bone ingrowth in that
study."” In other studies, fibers of various lengths and
volume fractions were randomly mixed into CPC result-
ing in substantial increases in the strength and work-of-
fracture (toughness) of the composites.'®*”

Macropores have been built into implants to facili-
tate vascular ingrowth.?=>* One study incorporated
water-soluble mannitol crystals in CPC, which were
then extracted by soaking in water producing macro-
pores in the shapes of the entrapped crystals.** How-
ever, although CPC without macropores was not rec-
ommended for stress-bearing restorations,®° the
macropores rendered CPC even weaker mechanic-
ally.?* Therefore, in our recent study,” aramid fibers
were used to develop strong and macroporous CPC.
Whereas the implant strength was substantially in-
creased, the fibers were stable and not bioresorbable.
In a further study, we incorporated resorbable fibers
into CPC to obtain reinforcement and then macropo-
rosity after fiber dissolution.”® In both studies, the
fibers were randomly mixed into the bulk CPC.

In the present study, absorbable mesh sheets made of
interconnected fiber bundles were incorporated into
CPC to be suitable for skull or shell-structure repairs,
and to achieve short-term strength and then intercon-
nected macropores for tissue ingrowth. The flexural
strength, elastic modulus, and work-of-fracture (tough-
ness) of the specimens were measured versus number of
mesh sheets in CPC and immersion time in a physiolog-
ical solution. The mesh reinforcement mechanisms and
macropore formation were examined with scanning
electron microscopy (SEM). Because cell culture toxicity
assays are the international standard for the initial
screening of materials for biocompatibility,” we per-
formed in vitro cell culture to evaluate the biocompatibil-
ity of the new cement formulation.

MATERIALS AND METHODS

Specimens for the effect of number of meshes on
mechanical properties

The CPC specimens were made by mixing the CPC pow-
der with distilled water to form a paste, which was then
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placed into a mold and allowed to convert to microcrystal-
line hydroxyapatite. The CPC powder consisted of a mixture
of TTCP and DCPA?® with a TTCP/DCPA mole ratio of 1
(BoneSource; Osteogenics, Winston-Salem, NC). The TTCP
powder had a mean particle size of approximately 17 um,
and the DCPA powder had a mean particle size of approx-
imately 1 pm.

An absorbable fiber mesh (Vicryl, polyglactin 910; Ethi-
con, Somerville, NJ), a copolymer of poly(glycolic) and poly-
(lactic) acids, was used because polyglactin 910 fibers are
clinically used as sutures. In addition, polyglactin 910 fibers
had a relatively high strength.'®?¢ The mesh was cut with a
pair of sharp scissors into sheets of approximately 4 X 25
mm. The CPC powder was mixed with distilled water using
a spatula at a powder/liquid mass ratio of 3:1 to form a
paste as described in previous studies.*® A prescribed num-
ber of mesh sheets were placed into a stainless steel mold of
3 X 4 X 25 mm. The paste was then placed with the spatula
on top of the mesh and lightly pressed to fill the pores of the
mesh and to fill the rest of the mold. To study the effect of
the number of mesh sheets, the following numbers of sheets
of mesh were incorporated into the prospective tensile side
of the CPC specimens: 0 (CPC control without mesh), 1, 3, 6,
and 13. Because the mesh thickness was approximately 230
pm, 13 sheets of mesh just filled the entire mold with a
height of 3 mm so that the specimen contained sheets of
mesh throughout its entire thickness. The CPC paste filled
the holes of the mesh and set to form a cohesive specimen.
The composite in the mold was covered with two mechan-
ically clamped glass slides. The assembly was incubated in a
humidor with 100% humidity at 37°C for 4 h. Six specimens
were made at each mesh number. The hardened specimens
were demolded, immersed in a saline solution (0.9% sodium
chloride; Baxter Healthcare, Deerfield, IL), and stored in an
oven at 37°C for 20 h before flexural testing.

Specimens for the effect of immersion time on
mechanical properties

To investigate the effect of immersion time on mesh dis-
solution and specimen properties, an intermediate number
of six sheets of mesh was incorporated into the prospective
tensile side of each specimen. After setting in the humidor,
the specimens were immersed, as described above, for each
of six periods of time: 1, 14, 21, 28, 42, and 84 days. Six
specimens were made for each immersion time period. CPC
control specimens without mesh were also fabricated and
immersed.

Mechanical testing

A standard three-point flexural test®® with a span of 20
mm was used to fracture the specimens at a crosshead speed
of 1 mm/min on a computer-controlled Universal Testing
Machine (model 5500R; Instron Corp., Canton, MA). The
side of specimen with the mesh was placed in tension and
the mesh plane was normal to the applied load. The follow-
ing properties were evaluated: flexural strength, elastic
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modulus, and work-of-fracture (the energy required to frac-
ture the specimen obtained from the area under the load-
displacement curve divided by the specimen’s cross-section
area).”” The displacement was estimated from the crosshead
travel. After the CPC matrix had cracked, the mesh-rein-
forced specimens were still intact because the meshes
bridged the cracks and supported the applied load. The test
was stopped at a maximum crosshead displacement of 2 mm
for a consistent calculation of work-of-fracture. It would be
ideal to report both the first cracking strength and the ulti-
mate strength (calculated from the highest load on the load-
displacement curve).? However, the self-hardened CPC-
based specimens in the present study contained many
intrinsic micropores® and the first cracking strength could
not always be determined. Therefore, the ultimate strength
was measured and reported as the flexural strength of the
specimens.

Specimens for cell culture

Cell culture specimens were made under aseptic condi-
tions in disc-shaped molds with a diameter of 10 mm and a
height of 4 mm using UV-sterilized CPC powder and sterile
water. The same absorbable mesh was cut to disks of ap-
proximately 10 mm in diameter. As described above, six
sheets of mesh were incorporated into the prospective cell
seeding side of each specimen. The same CPC powder-to-
liquid ratio was used and the specimens were hardened in a
cell incubator (100% humidity and 37°C) for 24 h. Eighteen
CPC-mesh disks and 18 CPC control discs were made and
divided into three groups, with six discs of each material in
each group. These three groups of specimens were used for
1-day cell culture, 14-day cell culture, and an enzymatic
assay, respectively.

Cell culture and fluorescence microscopy

Established protocols for the culture and passage of
MC3T3-E1 cells were followed.**?! Cells were obtained
from Riken Cell Bank (Hirosaka, Japan) and cultured in
flasks (75-cm? surface area) at 37°C in a fully humidified
atmosphere at 5% CO, (volume fraction) in o modified
Eagle’s minimum essential medium (BioWhittaker, Inc.,
Walkersville, MD). The medium was supplemented with
10% (volume fraction) fetal bovine serum (Gibco, Rockville,
MD) and kanamycin sulfate (Sigma, Inc., St. Louis, MO). The
medium was changed twice weekly, and the cultures were
passaged with 2.5 g/L trypsin (0.25% mass fraction) contain-
ing 1_mmol/L ethylenediaminetetraacetic acid (Gibco) once
per week. Cultures of 90% confluent MC3T3-E1 cells were
trypsinized, washed, and suspended in fresh media. CPC—
mesh and CPC control specimens were placed one each into
the wells of a 24-well plate (BD Biosciences, Bedford, MA).
Fifty thousand cells diluted into 2 mL of media were added
to wells containing the discs or to empty wells (tissue culture
polystyrene controls, or “TCPS control”) and incubated for 1
or 14 days (2 mL of fresh media every 2 days).*
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After 1 or 14 days, the media was removed and the cells
were washed with 1 mL of fresh media. Cells were then
stained for 10 min in media containing 2 wmol/L cal-
cein-AM and 2 pmol/L ethidium homodimer-1 (Molecular
Probes, Eugene, OR) and viewed by epifluorescence micros-
copy for six CPC—mesh specimens, six CPC control speci-
mens, and six TCPS control wells.

Wst-1 cell viability assay

Cells grown on CPC-mesh or CPC control for 14 days
were analyzed for viability using the Wst-1 assay which
measures mitochondrial dehydrogenase activity.* Wst-1 re-
fers to 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium, monosodium salt (Dojindo, Gaithers-
burg, MD). Specimens with cells were transferred to clean
wells in a 24-well plate and rinsed with 1 mL of Tyrode’s
Hepes buffer (140 mmol/L NaCl, 0.34 mmol/L Na,HPO,,
2.9 mmol/L KCI, 10 mmol/L Hepes, 12 mmol/L NaHCO,,
5 mmol/L glucose, pH 7.4). One milliliter of Tyrode’s
Hepes buffer and 0.1 mL of Wst-1 solution (5 mmol/L Wst-1
and 0.2 mmol/L 1-methoxy-5-methylphenazinium methyl-
sulfate in water) were added to each well and incubated at
37°C for 2 h. Blank wells were also prepared that contained
only buffer and Wst-1 solution. After 2 h, 0.2 mL of each
reaction mixture was transferred to a 96-well plate and the
absorbance at 450 nm was measured with a microplate
reader (Wallac 1420 Victor?, PerkinElmer Life Sciences,
Gaithersburg, MD). The assay was performed with six CPC—
mesh specimens, six CPC control specimens, and six blank
wells. The absorbance for the blank wells was subtracted
from the data.

A scanning electron microscope (model JSM-5300; JEOL,
Peabody, MA) was used to examine gold-sputtered speci-
mens for mesh reinforcement mechanisms, macropore for-
mation, and cells. Cells cultured for 1 day on specimens
were rinsed with saline, fixed with 1% glutaraldehyde, sub-
jected to graded alcohol dehydrations, rinsed with hexam-
ethyldisilazane, and then sputter coated with gold. One
standard deviation was given in this article for comparative
purposes as the estimated standard uncertainty of the mea-
surements. These values should not be compared with data
obtained in other laboratories under different conditions.
One-way analysis of variance was performed to detect sig-
nificant differences in data. Tukey’s multiple comparison
procedures were used to compare the data at a family con-
fidence coefficient of 0.95.

RESULTS

Figure 1(A) shows a SEM micrograph of the absorb-
able mesh. The mesh had bundles and nodes with
diameters of 100-200 wm, which after dissolution
would create interconnected cylindrical macropores in
CPC suitable for vascular ingrowth. These meshes
provided substantial reinforcement to CPC before
mesh dissolution. The CPC control without mesh
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Figure 1. (A) SEM of an absorbable mesh. The fiber diam-
eter is approximately 14 wm; that of the bundle is 140 pm.
The mesh thickness was approximately 230 pm. (B) SEM of
mesh in CPC supporting the applied load in three-point
flexure. Arrows in (B) indicate the mesh bridging the matrix
crack and preventing the specimen from being separated by
the applied stresses. (C) Hydroxyapatite crystals in CPC—
mesh were similar to those in CPC control without mesh,
indicating that the mesh incorporation did not retard the
hydroxyapatite crystal formation.
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failed catastrophically in a brittle manner. The mesh-
reinforced specimens showed noncatastrophic frac-
ture with the fiber mesh supporting the applied load
in three-point flexure and keeping the multiple-
cracked matrix intact [Figure 1(B)]. Figure 1(C) shows
hydroxyapatite crystals in a CPC—mesh specimen. The
crystals were approximately 200-500 nm in length
and 20-50 nm in diameter. These elongated nano-
crystals were observed to be similar in CPC-mesh
composites and in CPC control without mesh, indicat-
ing that the incorporation of mesh did not retard the
hydroxyapatite crystal formation.

Effects of mesh number on mechanical properties
are shown in Figure 2. The flexural strengths (mean *
SD; n = 6) of CPC containing 13 or 6 sheets of mesh
were 24.5 + 7.8 and 19.7 * 4.3 MPa, respectively, not
significantly different from each other (Tukey’s mul-
tiple comparison; family confidence coefficient =
0.95). The strength of CPC with 13 meshes was signif-
icantly higher than, whereas that at 6 meshes was not
significantly different from, the strength of 14.0 * 2.0
MPa for CPC containing 3 meshes. CPC with 6 or 13
meshes had higher strengths than that with 1 mesh;
the strength of CPC with 3 meshes was not signifi-
cantly different from 9.5 * 1.6 MPa of CPC with 1
mesh. The strengths of CPC containing 13 or 6 sheets
of mesh were significantly higher than 8.8 = 1.9 MPa
of CPC without mesh; the strengths at 3, 1, and 0
sheets of mesh were not significantly different from
each other (Tukey’s at family confidence coefficient of
0.95). The work-of-fracture of CPC with 6 or 13 meshes
was 2.95 + 0.58 and 3.35 = 0.80 kJ/m?, respectively;
they are two orders of magnitude higher than 0.021 *
0.006 kJ/m? of CPC without mesh. The elastic modu-
lus of CPC without mesh was 5.01 * 0.85 GPa, signif-
icantly higher than 3.02 £ 0.99 GPa with 6 sheets of
mesh and 3.28 = 0.89 GPa with 13 sheets of mesh
(Tukey’s at family confidence coefficient of 0.95).

Effects of immersion time on mechanical properties
are shown in Figure 3. For the CPC-mesh specimens
(each with six sheets of mesh), the immersion time had
significant effects on strength and work-of-fracture
(analysis of variance; p < 0.001), but not on modulus
(p = 0.17). For CPC without mesh, the immersion time
did not have a significant effect (p = 0.55 for strength,
p = 0.37 for work-of-fracture, and p = 0.06 for mod-
ulus). At immersion days of 1 and 14, the strengths of
the CPC—mesh specimens were nearly twice those of
CPC without mesh. The strength then decreased as the
meshes started to dissolve, becoming slightly lower
than those of the CPC without mesh, because of the
presence of macropores resulting from mesh dissolu-
tion. The work-of-fracture showed a similar trend,
with the work-of-fracture value at 28 days of immer-
sion being 0.47 + 0.11 k] /m?, significantly higher than
0.018 = 0.009 kJ/m? of CPC without mesh (p < 0.01).
The modulus of the CPC—mesh and of the CPC control
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Figure 2. Flexural strength, work-of-fracture, and modulus
versus the number of mesh sheets in the specimen. Each
datum is the mean value of six measurements, with the error
bar showing one standard deviation.

specimens were statistically similar at different im-
mersion times (Tukey’s at family confidence coeffi-
cient = 0.95).
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Figure 3. Flexural strength, work-of-fracture, and modulus
as a function of days of immersion. An intermediate number
of six sheets of mesh was incorporated into the prospective
tensile side of the CPC—mesh specimen. Each datum is the
mean value of six measurements, with the error bar showing
one standard deviation.
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Figure 4.

(A) SEM of CPC surfaces parallel to the mesh after mesh dissolution showing continuous macropore channels

going into the CPC (arrows). The arrows in (B) indicate the interconnectivity of the pores. (C) Higher magnification of the wall
of a macropore, which was full of small pores created by the dissolution of the individual fibers in the mesh bundle. (D) A
typical macropore in the cross-section perpendicular to the stacked sheets of mesh.

Figure 4(A) shows macropores (arrows) going into
CPC after mesh dissolution in 84 days’ immersion.
The pore structure resembled the appearance of the
mesh. The arrows in Figure 4(B) indicate the intercon-
nectivity of the pores. Figure 4(C) shows at a higher
magnification the wall of a macropore, which was full
of small pores created by the dissolution of the indi-
vidual fibers of the mesh. The individual fibers in the
mesh bundle were imprinted in the CPC matrix, be-
cause of intimate contact with the CPC paste during
specimen fabrication. Some of the CPC-mesh speci-
mens immersed for 84 days were cross-sectioned to
reveal the interior plane perpendicular to the stacked
sheets of mesh. Figure 4(D) shows a typical macropore
in the cross-section.

Cells cultured for 1 day on CPC-mesh, CPC control,
and TCPS control specimens were viewed with fluo-
rescence microscopy and are shown in Figure 5. The
live cells were stained green whereas the dead cells
were stained red. The live cells appeared to have

adhered and attained a normal, polygonal morphol-
ogy when seeded on all three materials. Visual exam-
ination revealed that the density of live cells adherent
to each material appeared to be similar. All three
materials had very few dead cells. An SEM micro-
graph of cells cultured for 1 day on CPC control is
shown in Figure 6. The cells (large arrows) had polyg-
onal shapes, with long processes (small arrows) at-
tached to the surface of CPC. These features were
observed to be similar to those on CPC-mesh and
TCPS control. Therefore, after 1 day of culture, cell
adhesion and viability on CPC-mesh was the same as
that on CPC control without mesh and on TCPS con-
trol.

Cells cultured for 14 days are shown in Figure 7.
The live cells appeared to have formed a confluent
monolayer by 14 days for both CPC-mesh, CPC con-
trol, and TCPS control. The live cell density on all
three materials appeared similar, demonstrating that
cells adhered and proliferated equally well on these
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Live Cells Dead Cells

GPC-Mesh -~ ) (RN CPC-Mesh

CPC Control

TCPS Control

Figure 5. MC3T3-E1 cells were seeded onto CPC—mesh, CPC control, and TCPS control (tissue culture polystyrene wells),
incubated for 1 day, and prepared for fluorescence microscopy. Cells were double-stained to be green for live cells and red
for dead cells.
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Figure 6. SEM of cells 1 day after being seeded onto a CPC
control specimen. The cells attained a normal polygonal
morphology (indicated by the large arrows) with long pro-
cesses (small arrows) that were attached to the specimen
surface. These characteristics were similar for CPC control,
CPC-mesh, and TCPS control specimens.

three materials. The density of live cells in Figure 7 at
14 days was much greater than the density of live cells
in Figure 5 (1 day), indicating that the cells had greatly
proliferated between 1 and 14 days. Dead cells were
very few on all three materials. These results suggest
that cell proliferation and viability after 2 weeks of
culture on CPC—mesh was the same as on CPC control
without mesh and on TCPS control, demonstrating
that the CPC—mesh composite was as biocompatible as
CPC control and TCPS control.

The quantitative assessment of cell viability at 14
days using the Wst-1 assay is shown in Figure 8. The
Wst-1 assay on cells cultured on TCPS was not per-
formed because the growth area of the 24-well TCPS
plates was not equivalent to the growth area on the
cement discs and would not allow an accurate compar-
ison. Horizontal line shows that a similar amount of
dehydrogenase activity was present in cells cultured on
CPC—mesh or CPC control (Student’s f test; p > 0.1). This
is consistent with the live and dead cell examinations
showing that the new CPC—mesh composite was as bio-
compatible as the CPC control without mesh.

DISCUSSION

This study combined the superior reinforcement of
mesh with the benefit of macropores in a self-harden-
ing and resorbable hydroxyapatite composite for den-
tal, craniofacial, and orthopedic repairs. Absorbable
meshes were used to reinforce the hydroxyapatite ce-
ment to provide high strength and toughness, and
then were dissolved to create interconnected macro-
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pores suitable for bone ingrowth. As a result, the
strength of CPC nearly tripled, and work-of-fracture
(toughness) increased by two orders of magnitude.
The dissolution of mesh created interconnected
macropore channels in CPC with equivalent diameters
of approximately 100-200 pm. When implanted in
vivo, the meshes should degrade to expose macropores
for bony ingrowth. The strengthening of the graft from
bony ingrowth and the deposition of new bone®°
should offset the weakening of the graft caused by
mesh degradation. The mesh fibers appeared to be
well wetted by the CPC matrix, manifested by the
fiber mesh being firmly held by the CPC matrix during
crack-bridging [Fig. 1(B)], and by the imprints of the
individual fibers in the matrix after mesh dissolution
[Fig. 4(A,C)]. The relatively rough surfaces of the mesh
bundles and nodes probably enhanced the interlock-
ing in the matrix. Previous studies observed matrix
CPC pieces on the fiber surfaces after fiber pullout
because hydroxyapatite was able to crystallize onto
the fiber surfaces during CPC paste setting, suggesting
a CPC-fiber interface as strong as the CPC itself.”” The
reinforcement mechanism appeared to be the fiber
mesh bridging matrix cracks to resist their further
opening and propagation, consistent with previous
studies.” The matrix multiple cracks also consumed
energy in creating new surfaces. In contrast, the CPC
without mesh failed in a single crack. In addition, the
frictional sliding and stretching of the mesh during
pullout likely have contributed to the reinforcement
efficacy.

The number of sheets of mesh incorporated in CPC
significantly affected the composite strength and
work-of-fracture (toughness). Three types of potential
applications are mentioned here regarding the num-
ber of mesh sheets. First, in restoring thin bones, one
sheet of mesh could be placed on the prospective
tensile side of the CPC. One sheet of mesh, although
not improving the strength, did increase the work-of-
fracture (or toughness) by 35 times. Potential applica-
tions utilizing a single mesh include craniofacial re-
pairs such as the reconstruction of defects in parietal
skull or in other shell structures. Other applications
may include the restoration of tooth cavities. Second,
several sheets of mesh could be stacked in the side of
CPC that may experience flexural or tensile stresses.
The stacked sheets of mesh would not only provide
the needed strength and toughness, but would also
dissolve to create an external layer in CPC containing
interconnected macropores to accept bone ingrowth.
The growth of bone into this macroporous surface
layer would provide a large interfacial area and en-
hance the implant fixation in its host. For example,
when CPC alone was used in periodontal bone repair,
tooth mobility resulted in early fracture and eventual
exfoliation of the rigid and brittle implants.'® There-
fore, the CPC—mesh composite would be beneficial not
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Live Cells Dead Cells

CPC-Mesh

200 nm

CPC Control CPC Control

TCPS Control TCPS Control

Figure 7. MC3T3-E1 cells were seeded onto CPC—mesh, CPC control, and TCPS control, incubated for 14 days and prepared
for fluorescence microscopy. Cells were double-stained to be green for live cells and red for dead cells.

only because of the substantial increases in strength  cent bone. Third, the sheets of mesh could be stacked
and fracture resistance, but also the presence of  throughout the entire cavity, with the CPC paste fill-
macropores to facilitate integration of CPC with adja-  ing the mesh holes and setting into a solid hydroxy-
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Figure 8. MC3T3-E1 cells were seeded onto CPC-mesh
and CPC control, incubated for 14 days, and analyzed for
viability with the Wst-1 assay. The Wst-1 assay is a colori-
metric assay of cellular dehydrogenase activity and the ab-
sorbance at 450 nm is proportional to the amount of dehy-
drogenase activity in the cells on the discs. Error bars show
standard deviation with n = 6. Horizontal line indicates
statistically similar values (Student’s t test; p > 0.1).

apatite implant. This could achieve the maximum
strength and toughness from the meshes, and then
create interconnected macropores throughout the en-
tire implant after mesh dissolution. For example, with
13 sheets of mesh in a specimen 3 mm thick, the
short-term strength was increased by nearly three
times and work-of-fracture by 150 times.

For random pore geometry, pore sizes of at least 100
pm are required for bone ingrowth.?® Previous studies
have used hydroxyapatite implants with pores of an
average diameter of 100 and 150 um.*”**® Porous ma-
terials with random pore geometry generally have
much smaller interconnecting fenestration than the
pores themselves.??”?%40 Therefore, the interconnec-
tion size is the limiting factor for osteoconduction,
rather than the pores themselves. One study showed
that pore interconnections <10 pm in diameter did
not allow cell migration,® consistent with the SEM in
Figure 6 of the present study showing mouse osteo-
blast cells of sizes 20—40 wm. An in vivo study showed
that a commercial porous hydroxyapatite, with pore
size of 50-300 wm, but much smaller pore intercon-
nection diameters of 0.1-2 wm, exhibited poor inva-
sion of bone tissue into the implant. In contrast, a
sintered hydroxyapatite with pore interconnection di-
ameters of 2-100 wm and an average of 40 wm, which
theoretically would permit cell migration or tissue
invasion from pore to pore, exhibited superior new
bone growth deep into the implant (3-mm penetration
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in 6 weeks).* In the present study, to increase the pore
interconnecting fenestration, absorbable meshes were
used to reinforce CPC for the needed early strength
and then to create highly interconnected macropores
after mesh dissolution. The mesh bundles had diam-
eters of 100200 wm, which after dissolution would
create in CPC cylindrical macropores not only with a
pore diameter of 100-200 wm, but also with a pore
interconnecting fenestration of the same size. Because
the mesh fiber bundles [Fig. 1(A)] were completely
interconnected and the mesh sheets were stacked on
top of each other, the macropores formed in CPC after
mesh dissolution should be highly interconnected and
suitable for cell infiltration deep into the scaffold. Fur-
ther study is needed to investigate the migration of
osteoblast cells into the scaffold and the secretion of
extracellular matrix components inside the scaffold, as
a function of pore density and pore geometry. The
interconnected macropore channels from the dissolu-
tion of mesh sheets are expected to not only improve
bony ingrowth into the implant,*~* but also increase
the rate of CPC dissolution, resorption, and replace-
ment by new bone.***

Both CPC-mesh composite and CPC control were
shown in the cell culture studies to be biocompatible.
After 1 day of cell culture, osteoblast-like cells
(MC3T3-E1) were able to adhere, spread, and remain
viable on CPC-mesh, CPC control, and TCPS control
when observed by fluorescence microscopy. At 14
days’ cell cultures, fluorescence microscopy and the
quantitative Wst-1 assay showed that cell adhesion,
proliferation, and viability were equivalent on these
materials. Therefore, these in vitro cell culture results
suggest that the new CPC-mesh composite is biocom-
patible.

CONCLUSION

The present study used a novel method that im-
parted substantial reinforcement and interconnected
macropores to a moldable, self-hardening, and resorb-
able hydroxyapatite cement. Absorbable meshes were
incorporated into CPC which resulted in substantially
higher strength and toughness, with the formation of
interconnected macropore channels after mesh disso-
lution. The nearly three times increase in strength and
150 times increase in work-of-fracture (toughness) for
CPC may help extend its dental and orthopedic appli-
cations to the repair of moderate stress-bearing loca-
tions. The CPC paste-mesh could be shaped to fit
various types of bone defects. When implanted in vivo,
the meshes would degrade to form macropores for
bony ingrowth. The strengthening of the CPC from
new bone ingrowth would offset the weakening of
CPC caused by mesh dissolution. The new CPC-mesh
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formulation was shown to be biocompatible and sup-
ported the adhesion, spreading, proliferation, and vi-
ability of osteoblast-like cells in wvitro. The novel
method of combining superior strength and toughness
of mesh reinforcement with interconnected and long
cylindrical macropores for bone ingrowth may have
wide applicability to other biomaterials.
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